as chronic liver disease and cirrhosis (Jing et al. 2010; Sterling et al. 2012) . Immunohistochemistry provides a more intuitive approach for pathologists to directly observe the immunoreactions within tissues in the lesion, although the sensitivity is significantly lower than that of serological tests. This highlights the need for more sensitive and specific immunostaining markers for the diagnosis of HCC.
Well-differentiated HCC may closely mimic benign liver disease. Therefore, the overdiagnosis of a dysplastic nodule as a malignancy is one of the challenges for pathologists. A good immunostaining marker should readily differentiate tumor tissue from non-tumor tissue. The most widely used immunohistochemical marker for HCC is CD34. Benign hepatic sinusoids are different from other small blood vessels because they do not express endothelial cell markers such as von Willebrand factor or CD34 (Pusztaszeri et al. 2006; Akkiz et al. 2011) . When sinusoidal cells of HCC tissues undergo a process of "capillarization," CD34 shows diffuse positive staining (Sun et al. 1999; Coston et al. 2008) . It has previously been reported that HCC tissues had no immunoreaction with CD34, whereas other non-malignant neoplastic lesions showed a positive immunoreaction (de Boer et al. 2000; El-Serag et al. 2005) . However, in contrast to the low sensitivity of AFP, CD34 is a very sensitive but less specific marker for HCC.
A number of candidate biomarkers have recently been proposed for the differential diagnosis of hepatocellular nodules, including des-γ-carboxy prothrombin (DCP), Golgi protein-73 (GP73), and glypican-3 (GPC3). DCP, induced by the absence of vitamin K or antagonist II, is an abnormal prothrombin that lacks the ability to interact with other coagulation factors. It is currently used in Japan, together with AFP, as a serological tumor marker for the early detection of HCC (Beneduce et al. 2008; Yamamoto et al. 2010 ). GP73 was originally described as a Golgi type II transmembrane protein elevated in serum and tissue in the woodchuck model of HCC . Recent studies of patients with liver disease, particularly with HCC, have identified that serum levels of GP73 are more than 30-fold greater than those in patients without the disease Marrero et al. 2005) . GPC3 is a cell-surface glycoprotein that is absent in the hepatocytes of healthy subjects and patients with hepatitis but highly expressed in hepatocellular cancer cells (Sato and Mori 2011; Jin et al. 2012) . Several studies have reported that these markers are superior to AFP for the early detection of HCC (Yamamoto et al. 2009; Mao et al. 2010; Tangkijvanich et al. 2010) . However, all have varying amounts of detectable expression in cases of benign disease and non-malignant neoplastic nodules (Liu et al. 2011; Ozkan et al. 2011; Tian et al. 2011; Sterling et al. 2012) . Currently, no single marker is sufficiently sensitive and specific for the diagnosis of HCC. There remains an urgent need to identify a panel of immunostaining markers for the accurate diagnosis of liver lesions.
In the present study, we aimed to determine the immunohistochemical expression profiles of GP73, GPC3, DCP, CD34, and CD31, together with reticulin staining, in HCCs and non-malignant neoplastic nodules, as well as to evaluate the diagnostic potential of these markers in differentiating HCC from other hepatic conditions.
Materials and Methods

Patients
A total of 124 surgically resected specimens, including 65 HCCs, 29 non-malignant neoplastic nodules (focal nodular hyperplasia, n=10; large regenerative nodules, n=6; lowgrade dysplastic nodules, n=3; high-grade dysplastic nodules, n=7; and liver cell adenomas, n=3) and 30 hepatolithiasis (as controls) were collected from 2006 to 2010 at the Qilu Hospital of Shandong University. This study was approved by the Committee of Ethical Research at Shandong University, and written informed consent was obtained from all enrolled patients.
The specimens were fixed in 4% phosphate-buffered formaldehyde directly after resection and then embedded in paraffin. The diagnosis of hepatocellular nodules was performed according to criteria defined by the World Health Organization (2010) and the International Working Party on hematoxylin and eosin-stained sections (1995).
Immunohistochemistry
Immunohistochemical staining was performed according to our previous study . Briefly, the sections were deparaffinized with xylene, rehydrated through a graded alcohol series, and then microwaved at 500 W for 2 × 5 min in 10 mM citrate buffer (pH 6.0). After rinsing in Tris-buffered saline (pH 7.6), the sections were immersed in a solution of H 2 O 2 (3%) to block endogenous peroxidase activity followed by the addition of 5% fetal calf serum (1:20 dilution); samples were then incubated with a primary antibody overnight at 4C. After washing, the primary antibody was detected using an appropriate secondary antibody (Universal PV9000 Kit; Zhongshan Biotechnology, Beijing, China), incubated for 30 min at 37C, and then visualized using DAB. Counterstaining was carried out with hematoxylin. The antibodies used were as follows: GPC3 (9C2, ab129381, 1:100 dilution; Abcam, Cambridge, UK), GP73 (F-2, sc365817, 1:100 dilution; Santa Cruz Biotchnology, Santa Cruz, CA), DCP (MU-3, 1:100 dilution; Eisai, Tokyo, Japan), CD34 (QBEen10, sc52312, 1:100 dilution; Santa Cruz Biotechnology), and CD31 (JC/70A, ab9498, 1:200 dilution; Abcam).
Reticulin Staining
Reticulin staining was performed according to the Gomori method (Gomori 1947) . Briefly, sections were cut at a 4-µm thickness from routinely processed paraffin blocks. These were deparaffinized, rehydrated, rinsed in distilled water, and immersed in 1% potassium permanganate (2 min). The sections were rinsed in the following solutions: 2.5% oxalic acid (1 min), 2% iron alum (1 min), Gomori's solution (3 min), 10% formalin (2 min), gold chloride (1:500; 5 min), 3% potassium metabisulfite (1 min), and 3% sodium thiosulfate (1 min); sections were rinsed with distilled water before immersion in each solution. Then, the sections were dehydrated through a graded series of ethanol, cleared in xylene, and mounted with neutral gum.
Statistical Analysis
The data were analyzed by the Statistical Package for Social Sciences (SPSS for Windows, version 16.0; SPSS, Inc., an IBM Company, Chicago, IL). The comparison of positive rates of biomarkers between the groups was done using Chi-square or Fisher's exact tests. All statistical analyses were two-sided, and p<0.05 was considered statistically significant.
Results
CD34
The patients' clinical information and the immunostaining profiles of all biomarkers are listed in Suppl. Tables S1 and S2. Three immunoreaction patterns of CD34 were observed in hepatic lesions. The first pattern was a negative CD34 immunoreaction pattern, in which only blood vessels and bile ducts in portal tracts and/or rare sinusoidal spaces near portal tracts were positive ( Fig. 1A) . This pattern was observed in all control patients and in some non-malignant neoplastic nodules (Table 1) , as well as in all non-tumor cells surrounding the hepatic mass; it was not observed in HCC cells. The second immunoreaction pattern showed diffuse CD34 expression, where most sinusoidal spaces throughout the mass were positive (Fig. 1B) . This pattern was observed in most HCC tissues (62/65, 95.4%) and in 11 of 29 (37.9%) cases of non-malignant neoplastic nodules. The third observed pattern was the focal CD34 immunoreaction pattern in which only part of the sinusoidal spaces had immunoreactions with CD34 (Fig. 1C ). This pattern was demonstrated in three (4.6%) of the HCC tissues and four (13.8%) cases with non-malignant neoplastic nodules.
GP73
The immunoreaction of GP73 was seen in most HCC cases (49/65, 75.4%) (Table 1) , including cases of small HCC (11/19, 57.9%). Interestingly, a large difference in the immunostaining patterns of GP73 was identified between the HCC cells and the surrounding non-tumor cells ( Fig. 2A) . HCC cells showed a diffuse coarse-block pattern, which was localized to the perinuclear region ( Fig. 2B ) or concentrated in a specific part of the cytoplasm, with the appearance of a cluster-or cord-like pattern (Fig. 2C ). When the HCC cells formed a glandular structure, the coarse blocks were concentrated near the lumen (Fig. 2D ). As distinct from HCC cells, the surrounding non-tumor cells showed a diffuse fine-granular pattern in the cytoplasm (Fig. 2E ), and only 7 of 65 (10.8%) cases showed a focal coarse-block pattern. All The coarse blocks were concentrated near the lumen of glandular structures. (E) The surrounding non-HCC cells showed a diffuse fine-granular pattern in the cytoplasm. (F) A case of a high-grade dysplastic nodule, which showed a diffuse fine-granular pattern with no difference in intensity between dysplastic cells and surrounding liver cells. Bars = 100 µm. moderately and poorly differentiated positive HCCs had a diffuse coarse-block pattern, and it appeared that the lesser the extent of differentiation, the larger the number of coarse blocks and the stronger the immunostaining intensity. This pattern was observed in 25 of 40 (62.5%) cases of well-differentiated HCCs, whereas 7 of 40 (17.5%) cases showed a diffuse fine-granular pattern, with no difference in the intensity of immunostaining. The remaining eight (20%) cases were negative. The level of GP73 immunostaining correlated significantly with less well-differentiated HCCs (p=0.002), whereas no correlation with other clinicopathological parameters was found.
In cases with non-malignant neoplastic nodules, GP73 immunostaining with a diffuse coarse-block pattern was observed in 5 of 29 (17.2%) cases, with 4 (13.8%) cases displaying a focal coarse-block pattern. In the remaining 20 cases, 16 (55.2%) showed a diffuse fine-granular pattern with no difference in intensity between dysplastic cells and surrounding liver cells (Fig. 2F ). Four (13.8%) cases were negative. However, in the control group, GP73 immunostaining had a diffuse fine-granular pattern in the cytoplasm (17/30; 56.7%) or was negative (13/30; 43.3%). Thus, we considered the diffuse coarse-block immunostaining pattern a useful indicator in the diagnosis of HCC. The sensitivity and specificity of GP73 for differentiating HCCs from non-malignant neoplastic nodules were 75.4% and 82.8%, respectively.
GPC3
The immunoreaction of GPC3 was observed in the vast majority of HCCs (50/65, 76.9%) (Table 1) , including cases of small HCCs (14/19, 73.7%), which displayed a diffuse cytoplasmic and/or a membrane immunoreaction pattern (Fig. 3A) . The data also revealed that not only HCC cells but also surrounding non-tumor cells were also positive for GPC3, including nine cases of well-differentiated HCC (9/40, 22.5%) that had an immunoreaction intensity greater than that of surrounding nontumor cells ( Fig. 3B ). However, in non-malignant neoplastic nodules, 21 of 29 (72.4%) cases were negative for GPC3 (Fig.  3C ). In the control group, 8 of 30 (26.7%) cases were GPC3 positive. It should be noted that in the well-differentiated HCC cases, 35 of 40 (87.5%) were GPC3 positive, and there was a statistically siginificant difference in the level of GPC3 immunostaining between well-differentiated and less welldifferentiated HCCs (p=0.016). The sensitivity and specificity of GPC3 for differentiating HCC from non-malignant neoplastic nodules were 75.4% and 72.4%, respectively.
DCP
A diffuse cytoplasmic immunostaining pattern of DCP was observed in the HCC cases (52/65, 80%). Similar to the immunostaining pattern of GPC3, the non-tumor cells surrounding HCCs were positive for DCP, with no difference in the pattern and intensity of the immunoreaction. Overall, 22 of 29 (75.9%) of the non-malignant neoplastic nodules cases were positive for DCP, and 19 of 30 (63.3%) cases from control patients also showed DCP immunoreaction. Thus, the data showed that DCP has a lower diagnostic value for HCC as an immunostaining marker. 
CD31
No immunoreaction of CD31 was demonstrated in any case included in this study. The positive control for CD31 is shown in Suppl. Fig. S1 .
Reticulin Staining
All HCCs showed an abnormal reticulin pattern, which was characterized by a thin layer of reticulin that surrounded each cell nest and was interconnected to form a complete network (Fig. 4A, B ). All surrounding non-tumor liver cells and 21 of 29 (72.4%) cases of non-malignant neoplastic nodules showed a normal reticulin pattern. This was characterized by thick expression of reticulin along the liver sinusoids outlining the hepatic trabeculae that involved less than three cell layers ( Fig. 4A, C, D) ; this was similar to the immunostaining pattern of CD34. It should be noted that in 8 of 29 (27.6%) cases of non-malignant neoplastic nodules, the reticulin pattern was similar to that of HCC.
Combination of GP73, GPC3, CD34, and Reticulin Staining in the Pathological Diagnosis of HCC
The immunohistochemical profiles of all biomarkers in HCCs and non-malignant neoplastic nodules are listed in Table 1 . The potential panels for the diagnosis of HCC are illustrated in Table 2 . These data revealed that reticulin staining was the most specific marker (100%) for distinguishing HCC from non-malignant neoplastic nodules.
Thus, to increase the specificity, we combined reticulin staining with the other three markers. Among the phenotypes of the two markers, the reticulin + /CD34 + panel was observed in 62 of 65 HCCs compared with 4 of 29 nonmalignant neoplastic nodules, which demonstrated high levels of sensitivity (95.4%) and specificity (86.2%). In addition, the reticulin + /GP73 + phenotype was seen only in 2 of 29 (6.9%) non-malignant neoplastic nodules, showing the best specificity (93.1%), although the sensitivity was lower (49/65, 75.4%). When the three markers were combined, the specificity of the reticulin + /CD34 + /GP73 + or reticulin + /CD34 + /GPC3 + panels increased to 96.6%, retaining a sensitivity of 75.4%. When all four markers were used, the specificity was 100%, whereas the sensitivity dropped to 61.5%.
Discussion
In liver disease, the differential diagnosis between HCC and benign conditions frequently confounds surgical pathologists. Several histological studies have examined the utility of CD34 in making a distinction between benign hepatic lesions and HCC (Heukamp et al. 2006; Li WC et al. 2006; Coston et al. 2008; Tatrai et al. 2009 ). In our study, we found that CD34 is still the most sensitive immunostaining marker for the diagnosis of HCC. Most HCC cells showed a diffuse CD34 staining pattern in contrast to the negative expression pattern in surrounding non-tumor liver cells (hepatitis cells, cirrhosis cells, or normal liver cells). Although 14 (48.3%) cases of non-malignant neoplastic nodules were negative for CD34 immunoreaction and 4 (13.8%) cases presented with focal CD34 immunostaining, 11 (37.9%) cases still mimicked the staining pattern of HCC cells. Thus, CD34 staining could be a useful marker to differentiate HCC from benign liver lesions, such as hepatitis or cirrhosis. It is also a sensitive, although not very specific, marker for differentiating HCC from non-malignant neoplastic nodules. Reticulin staining was also very useful for the differential diagnosis of HCC and benign lesions in our study. HCC cells showed a special pattern that was distinct from surrounding non-tumor cells and non-malignant neoplastic nodules, which delineated a thin layer around the HCC mass. However, as with CD34, its lower specificity limited its diagnostic value. As with cases that were positive for CD34, an abnormal reticulin pattern was observed in several liver cell adenoma nodules and in high-and lowgrade dysplastic nodules. As a result of their high similarity with HCC cells and the limited number of cases, it was difficult to assess the differences between them.
Among the panel of five immunostaining markers in our study, CD31 was negative in all cases. Frachon et al. (2001) reported that although CD31 was negative in cirrhotic nodules and non-dysplastic regenerative macronodules, it was positive in 42.7% of dysplastic macronodules and 87% of HCCs. However, in their previous studies, they also found that CD31 was overexpressed along the sinusoids in liver fibrosis and inflammation (Couvelard et al. 1993; Scoazec and Feldmann 1994) . These controversial results were explained by differences in tissues types (frozen materials vs. paraffin-embedded samples), and they proposed that variations in CD31 expression at the surface of sinusoidal endothelial cells were likely to be of a quantitative, rather than a qualitative, nature. In our study, the paraffin-embedded samples were collected several years ago, and the loss of CD31 antigen may be one of the reasons that it was undetectable. We agree with the conclusions of Frachon et al. that the loss of CD31 from the liver may hamper the value of CD31 as a marker of hepatic vascular changes.
DCP expression was detected in HCC cells but was also found in surrounding non-tumor cells and in most nonmalignant neoplastic nodules and benign control liver tissues. This indicated that DCP was not a suitable immunostaining marker in combination with CD34 or reticulin staining for the diagnosis of HCC. However, several previous studies have shown that DCP is an effective serological tumor marker for HCC (Marrero et al. 2003; Lok et al. 2010; Takeji et al. 2013) . In general, serological markers are more sensitive than immunostaining markers because of the more sensitive method used in serological detection. In a similar manner to AFP, DCP is more easily detected in serum but is more difficult to detect in tissues by immunochemistry. Some studies have shown that the overexpression of DCP is not only detected in HCC tissues but also in the surrounding non-HCC liver tissues; hence, these patients have significantly elevated serum DCP levels (Inagaki et al. 2011) . Therefore, the use of DCP as an immunostaining marker for the diagnosis of HCC is not recommended, regardless of its value in the serum. Compared with DCP, GP73 showed not only high sensitivity (75.4%) but also high specificity (82.8%) and correlated significantly with HCCs that had lower levels of differentiation. Many studies have demonstrated that GP73 could serve as a serum marker for the diagnosis of liver disease, but few studies have investigated the utility of GP73 as an immunostaining marker for the diagnosis of HCC. Riener et al. (2009) established that, in the normal human liver, GP73 expression was found in biliary epithelial cells and was relatively low in hepatocytes, but expression increases with liver damage, especially with HCV-induced hepatitis and HCC. They demonstrated that the GP73 immunostaining pattern was dot-like and localized in the perinuclear region toward the cell apex projecting to the Golgi apparatus, whereas there was no immunoreaction in the cytoplasm. However, although we observed a similar immunoreaction pattern of GP73 in HCC cells to that reported by Riener et al., it was not dot-like or confined to the Golgi. The pattern we observed was either a coarse block in the perinuclear region or a cluster-like or cord-like pattern in a specific part of the cytoplasm. If the HCC cells formed a glandular structure, the coarse blocks were concentrated near the lumen. The surrounding nontumor tissues showed a diffuse fine-granular immunostaining pattern in the cytoplasm. Furthermore, a diffuse fine-granular immunoreaction pattern was demonstrated in seven well-differentiated HCCs. The underlying mechanism of the aberrant immunoreaction pattern of GP73 has yet to be explained. Bachert et al. (2007) had reported that GP73 is an integral membrane protein localized to the cis Golgi, which can be cleaved and released into the extracellular milieu. The use of a cleavage-specific antibody could be useful to understand its subcellular localization and better define its expression pattern. Kladney et al. (2012) reported that the increased expression of GP73 in hepatocytes appears to be a general feature of advanced liver disease (cirrhosis), regardless of the underlying etiology (e.g., HBV, HCV, alcohol or autoimmune disease induced). In our data, most cases of HCC were infected with HBV (60/65) and had a certain degree of cirrhosis. However, of the five HBV-negative HCC cases, three showed a diffuse coarseblock pattern for GP73 (Suppl . Table S1 ). Conversely, in 11 HBV + non-malignant neoplastic nodules, only 2 cases had this pattern (Suppl . Table S2 ). This supports the opinion of Kladney et al. that the expression of GP73 in hepatocytes may be controlled by distinct virus-dependent and virus-independent mechanisms. Our results differed in that we also showed that GP73 could be a good immunostaining marker for differentiating HCC from cirrhosis and nonmalignant neoplastic nodules. We hypothesize that GP73 may be initially present as a diffuse fine-granular pattern in the cytoplasm but then coalesces to form a coarse-block pattern during the progression of liver disease. The exact mechanisms of this change need to be further explored.
GPC3 is a member of the glypican family, a group of heparan sulfate proteoglycans linked to the cell surface through a glycosylphosphatidylinositol anchor (Filmus et al. 2008) . It has been suggested GPC3 plays an important role in cell proliferation, differentiation, and migration to specific tissues (Viviano et al. 2005; Lai et al. 2008; Stigliano et al. 2009 ). Downregulation of this protein has been demonstrated in several cancers and cell lines, including mesothelioma and ovarian and breast cancers, suggesting a tumor-suppressive role in tumorigenesis (Murthy et al. 2000; Kandil and Cooper 2009; Zynger et al. 2010 ). However, it is highly expressed at both the messenger RNA and protein level in HCC (Capurro et al. 2003; Suzuki et al. 2010; Yan et al. 2011) . In our study, positive immunoreactivity of GPC3 was found in 50 of 65 (76.9%) cases of HCC, especially in those with well-differentiated HCC (87.5%, 35/40). It should be noted that although HCC cells showed more intense staining of GPC3 than the surrounding non-tumor cells in nine cases of well-differentiated HCCs, GPC3 was mostly positive in both HCC cells and the surrounding non-tumor cells. Baumhoer et al. (2008) demonstrated a gradient of GPC3 expression in non-neoplastic (9.2%), preneoplastic (16%), and neoplastic (63.6%) liver tissue samples, which underlined the role of GPC3 in hepatocarcinogenesis. These findings were consistent with previously reported results (Zhu et al. 2001; Libbrecht et al. 2006; Wang et al. 2006 ). Shafizadeh et al. (2008) also found that HCCs that arose in cirrhotic livers were more likely to be GPC3 positive (91% vs. 57%). Therefore, we propose that the overregulation of GPC3 may occur in the very early stages of HCC, and some molecular changes may occur in the surrounding non-tumor liver cells that induce GPC3 expression. However, it is noteworthy that poorly differentiated tumor cells may lose certain immune markers during disease progression.
In conclusion, a panel that includes GP73, GPC3, CD34, and reticulin staining is very useful in making the diagnosis of HCC. The reticulin + /CD34 + panel was proven to be the best combination, showing a high sensitivity (95.4%) and a good specificity (86.2%). Moreover, the reticulin + /GP73 + panel showed a better specificity (93.1%) with a relatively lower sensitivity (75.4%). When using a panel of three markers, either the reticulin + /CD34 + /GP73 + or the reticulin + /CD34 + /GPC3 + panel is recommended, with an the increased specificity of 96.6% and a sensitivity maintained at 75.4%. The combination of four markers is not recommended because of its low specificity (61.5%).
